For getting some microscopic understanding of dissipative dynamics in nuclear collective motion in a more dynamical way, a system with three degrees of freedom is examined within the time-dependent Hartree-Fock theory. Exploiting the self-consistent collective coordinate (SCC) method, the total system is optimally devided into the collective and intrinsic subsystems. The energy dissipation process and dynamical evolution process of each subsystem are numerically simulated and examined. The numerical results shows that the energy of collective motion is transfered to the environment and the regularity of collective degree of freedom is almost kept sticking to the KAM torus, and the intrinsic subsystem remains in chaotic situation so as to be treated as a heat bath.
Introduction
In the description of the large-amplitude collective motion, such as damping, dissipation, fluctuation and diffusion process, which appear in the giant resonance of hot nuclei, fission, fusion, heavy-ion deep-inelastic collisions, etc., the conventional transport theory (Fokker-Planck-or Langevin-type transport equations) affords a powerful and phenomenological approach. Nevertheless, the fundamental basis or underlying physical aspects is still represent a theoretically unsloved problem. For understanding such the non-equilibrium statistical phenomena, a dissipation mechanism of collective (usually slow) motion interacting with noncollective (intrinsic) degrees of freedom (usually fast) has been one of the very interesting open problems in the past few years, because it may provide us with a microscopic justification for a statistical ansatz employed in the conventional transport theory, in which the total system is divided into the collective and intrinsic subsystems by hand, and the latter one is usually expressed by a statistical object like a thermal heat bath or the Gaussian orthogonal ensemble. The main objectives in this study are (1) to reveal the underlying physical properties behind the conventional transport theory, such as some probabilistic and/or stochastic aspects of the intrinsic subsystem, (2) to clarify the validity of the statistical hypothesis like a thermal bath, (3) to explore how to derive a Fokker-Planckor Langevin-type transport equation for the collective degree of freedom from a more fundamental basis, and (4) to make clear what is the microscopic mechanism responsible for the dissipation behaviors of the collection motion.
Some attention [1] [2] [3] has been devoted to this subject along two seemingly different lines. A group of authors 3) approaced the problem with the linear response theory (LRT), where the intrinsic subsystem is assumed to be in a statistical equilibrium state, and the coupling between the collective and intrinsic subsystems is a simple linear interaction. From the macroscopic point of view, such a statistical approach is seemed to be reasonable for the infinite system. For a finite system such as nucleus where a large number assumption is not justified, there arises a fundamental question how the statistical state is realized dynamically. For exploring the microscopic mechanism responsible for an onset of the chaotic motion out of the regular motion, the general theory of nonlinear dynamics (GTND) 4) has been developed by using the classical system with 2 or 1.5 degrees of freedom like the kicked rotor system. To get a full understanding of the dynamical realization of statistical state, an evolution process of the large-amplitude motion in a simple soluble model with 2 degrees of freedom has been studied within the time-dependent Hartree-Fock theory, by using a general microscopic transport theory.
1,2,5) It has been pointed out that the nonlinear coupling between each degree of freedom plays an essential role in an onset of the chaotic motion for the individual trajectory and in the realization of statistical state for the bundle of trajectories.
In the above case with two degrees of freedom, it is not possible to assign the collective degree of freedom nor to discuss its dissipation. In order to study the dissipation process, it is desirable to treat a system with more than three degrees of freedom. In this case, the total system is able to be divided into two weakly coupled systems: one is composed of more than two degrees of freedom and is treated as an intrinsic subsystem, whereas the rest degree of freedom is considered as a collective subsystem. Under these consideration, in this paper, a system with three degrees of freedom is considered within the time-dependent Hartree-Fock theory. A nonlinear interaction is used to represent the coupling between the collective and intrinsic subsystems. Here, it should be noted that there remains only the nonlinear coupling when the total system is optimally divided into the collective and intrinsic subsystems. With this study, we expect to get some microscopic understanding of dissipative dynamics in nuclear collective motion in a more dynamical way. The Hamiltonian of the system is given in the next section and the numerical results will be decribed in Section 3. The last section will be devoted to summary our discussions.
Hamiltonian of the system
With the aid of SCC method, 6) the whole system can be optimally divided into the relevent (collective) and irrelevent (in-trinsic) degrees of freedom by introducing an optimal canonical coordinate system called the dynamical canonical coordinate (DCC) system for a given trajectory. The Hamiltonian in the DCC system is divided into three parts:
where Hη depends on the relevant, H ξ on the irrelevant, and H coupl on both the relevant and irrelevant variables. This separation in the degrees of freedom is very important for exploring the energy dissipation process and nonlinear dynamics between the collective and intrinsic modes of motion.
The system considered in this paper is composed of a collective degree of freedom coupled to intrinsic degrees of freedom through a weak interaction. The collective subsystem is represented by a harmonic oscillator with a coordinate q, mass M and frequency ω. The Hamiltonian can be expressed as:
The intrinsic subsystem is usually expressed by a linear system with an infinite number of harmonic oscillators, 7) i.e. by the canonical ensemble. By this expression, the ergodicity of the intrinsic system and the irreversibility of the collective motion can be realizied. And the macroscopical regular collective motion is due to the regular microscopical motion mode of intrinsic subsystem. Since we are interested in examining the dissipation process caused by the dynamical time evolution of the finite system and in clarifying the validity of the statistical ansatz employed in the conventional transport theory, we will not use the linear system for the intrinsic subsystem. For a system with finite degrees of freedom, it has been pointed out 1, 5) that the nonlinear coupling among the intrinsic degrees of freedom is essential for an onset of the chaotic motion, which lets the system reach to the statistical stationary state. It is then reasonable to consider a nonlinear system, such as a modification of SU(3) Hamiltonian, for the intrinsic subsystem.
The modified SU(3) model Hamiltonian is given bŷ
where C † im and Cim represent the fermion creation and annihilation operator. There are three N-fold degenerate levels with 0 < 1 < 2. In the case with an even-N-particle system, the general time-dependent Slater determinant in the TDHF equation
= exp
where |φ0 satisfies the HF condition
With the aid of SCC method, one then can obtain the Hamiltonian with two degrees of freedom in DCC system
where
It should be pointed out that the collective and intrinsic modes of motion are characterized by a different time scale and the intrinsic time scale (τI ) should be much smaller than the collective one (τc). This different time scale makes the intrinsic system adjust its feature self-consistently in accordance with the time evolution of the collective one. On the other hand, τI may not be too small, because we are not sure whether such idealization for intrinsic system can be realized in the physical world. 8) In the present work, we select the parameters as: M = 18.75, ω 2 = 0.0064, 0 = 0, 1 = 1,
For the coupling interaction, we use the following nonlinear interaction:
In our numerical simulation, the coupling interaction is first switched off till the intrinsic system shows the statistical behavior. In this case, the collective subsystem moves regularly, whereas the intrinsic subsystem tends to reach the time-independent stationary state (chaotic object). After the statistical state has been realized in the intrinsic subsystem, the coupling interaction is switched on. A quantity q0 in Eq. (13) denotes a value of q of the intrinsic trajectory at the switch on time. The purpose for introducing the q0 is to insert the coupling interaction adiabatically, which also guarantees the total energy conservation before and after the coupling is switched on.
Here it is worthy to point out why we let the two subsystems evolve independently at the initial stage. As momentioned above, the ergodic and irreversity property of the intrinsic subsystem is automatically satisfied in the conventional approach, because the initial intrinsic system for infinite system is represented by the canonical ensemble. In the finite system, however, one has to be careful whether or not the system tends to reach the stste expressed by the canonical ensemble, and how it evolves after the coupling interaction is switched on, and what the final state looks like? Those points have not been clearly understood yet. In this context, we let the intrinsic subsystem reach to a chaotic situation in a dynamical way, till the ergodic and irreversity property are well realized dynamically.
In performing the numerical simulation, the time evolution of the distribution function ρ(t) is evaluated by using the pseudoparticle method as:
where Np means the total number of pseudoparticles and qi,n(t), pi,n(t) denote a phase space point of the n-th pseudoparticles at time t, which is determined by intergrating the canonical equations of motion given bẏ
We use the fourth order Runge-Kutta method for intergrating the canonical equations of motion and Np is chosen to be 10,000. The initial condition of the distribution function is given by a uniform distribution as stated in Ref. 1 .
Numerical results and discussions
Our interests is to know how these two subsystem evolve after the interaction is switched on. We mainly focus our attention to examining the energy interchange between these two subsystems, and the final states of them, and their interactiondependence.
For this purpose, we calculate various cases with different collective energy (much larger than intrinsic energy, comparable one, etc.), and also with different interaction strength between the collective and intrinisic subsystem. In our calculation, the collective energy is choose to be Eη = 20, 40 and 60. Since the intrinsic energy is chosen to be E ξ = 40, these three cases represent the case with collective energy much smaller than intrinsic energy, comparable ones and larger one, respectively. The interaction strength parameter λ is chosen to be 0.005, 0.01 and 0.02. Figure 1 shows a time-dependent average of partial Hamiltonians Hη , H ξ and H couple . The time-dependent averages are defined through One may see that the main change is detected in the collective energy. For the case with the small interaction strength (λ = 0.005), the collective energy oscillates for a long time and does not reaches to a saturated value. For a relativery large strength (λ ∼ 0.02) case, it will reach a time-dependent value. Since the intrinsic subsystem has already been reached to a chaotic situation before the interaction is swithed on, and since the interaction between intrinsic degrees of freedom is relatively stronger than the coupling interaction between two subsystems, the whole state of intrinsic subsystem are rather stable.
From these figures, one may also conclude that the energy is dissipated from collective to 'environment', when the intrinsic subsystem and the coupling interaction are regarded as 'environment'. This conclusion is consistent with our simulation based on the Langevin equation as shown in Fig. 2 . 
For the intrinsic degree of freedom, as is shown in Fig. 4 , the variance has reached a stable value before the interaction is swithed on. This means that the intrinsic state has been in chaotic situation as expected. After the interaction is swithed on, the variance oscillates and cannot reach a saturation value for a case with small interaction strength (small nonlinear effect). For a case with a proper value of strength (λ = 0.02), it reaches another time-independent value. From these numerical results, one may expect that before and after the interaction is switched on, the intrinsic subsystem remains in chaotic situation.
The variance of the collective degree of freedom is almost zero in the initial stage as is shown in Fig. 5 . After the interaction is swithed on, in the case with λi = 0.02, it first shows a strong time-dependence and then seems to reach some timeindependent value. For clearly understanding this result, the ensemble average of second moment of P is shown in Fig. 6 . One may see that the collective motion seems to be subject to both a friction force and stochastic fluctuation, and the balance between these two thermalize the collective motion. This situation is similar to the case described by the Langevin equation. For understanding the collective motion furthermore, it is indispensable to make clear how the collective subsystem is affected by its partner during the evolution process, and what final state of the intrinsic subsystem looks like. In order to answer these questions, one has to explore the structure of the TDHF manifold, which tells us what kinds of dynamics can occur in the system. In Fig. 7 , the Poincaré section map constructed on the (q1, p1) plane with the conditions q2 = 0 and p2 > 0 is shown. Since our main concern is to know the final state of intrinsic subsystem, that is, whether it remains in chaotic situation or not, we only show the case with λi = 0.02, in which the total system seems to reach an stationary state. Here it should be noted that the Hamiltonian in Eq. (1) satisfies the relation
which are called the maximal decoupling condition. In this sense, the coordinate system {q1, p1; q2, p2; q, p} gives the most optimal coordinate system for the trajectories which are sticking to the subspace {q1, p1; q2 = 0, p2 = 0; q = 0, p = 0} or {q1 = 0, p1 = 0; q2, p2; q = 0, p = 0} or {q1 = 0, p1 = 0; q2 = 0, p2 = 0; q, p}. In fact, for drawing the above Poincaré section map in the space {q1, p1; q2, p2; q, p}, we let q and p be free. This means we dot on the (q1, p1) and (q, p) plane, respectively, when the conditions q2 = 0 and p2 > 0 is satisfied.
One may see that the four resonant islands vanish due to the introduction of the interaction with the collective motion, whereas the main island is slightly affected. So we can conclude that when the intrinsic subsystem is in chaotic situation before the interaction is switched on, it will still remain so.
On the other hand, Fig. 8 shows the map on the plane (q, p) with the same condition (q2 = 0, p2 > 0). Before the interaction is switched on, the collective motion is regular. Owing to the introduction of the interaction, it will oscillates and then tends to a stable orbit (dark circle). This means a new regularity of collective degree of freedom is realized. 
Concluding remarks
In this paper, we have presented a dynamical approach based on the numerical simulation of the TDHF equation for the system with three degrees of freedom, to explore the microscopic dynamics of dissipation mechanism in nuclear collective motion and to dynamically understand the underlying physical properties behind the conventional transport theory, such as some probabilistic and/or stochastic aspects of the intrinsic subsystem.
We have found that the nonlinear coupling interaction between each degree of freedom within the intrinsic subsystem induces chaotic motion at the microscopic level. The statistically stationary state can be established with the chaotic motion. The nonlinear coupling between the collective and intrinsic subsystems makes it possible to let the total system tend to the time-independent stationary state long time after the coupling is switched on, although the intrinsic subsystem always remains in a chaotic situation.
Furthermore, when the intrinsic subsystem and the coupling interaction are regarded as an "environment", the energy is dissipated from collective degree of freedom to the "environment". The regularity of the collective degree of freedom is kept, sticking near to the KAM torus. The dissipation mechanism of collective motion can be treated by a transport equation. This investigation provides us with the basic understanding of the statistical ansatz employed in the conventional transport theory and suggest us to derive the Langevin-or Fokker-Planck type equation from a more fundamental basis. The related works are in progress.
